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DEFINITION OF TERMS 


A listing of commonly used terms and their definitions follows. 
Familiarity with these terms should help the reader to understand the 
technical aspects of the document. 


Inner Line Line carrying the commodity. 

Vacuum Jacket Concentric line installed over the inner 

line providing an evacuated annulus for 
insulation. 

Composite Vacuum Jacket A vacuum jacket concept that incorporates 

a thin metallic liner and composite material 



to provide strength and handling damage 
resistance. 

Overwrap 

Fiberglass composite applied on exterior 
surface of the thin metal tubing liner. 

Liner 

Thin wall metal tube under the overwrap. 

Standoff 

Support between the vacuum jacket and the 
inner line. 

End Closure 

Metal membrane that seals the vacuum annulus 
between the inner line and the vacuum jacket. 

End Fitting 

Metal ring welded to the ends of the liner 
providing a surface for welding the end 
closure and a butt weld end for attaching 
one tube to another. 

Solid State Bonding 

Explosive bonding technique used to join 
two dissimilar metals such as aluminum to 
Inconel or stainless steel. 
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SUMMARY 


This Topical Report presents the analytical studies and conceptual 
design developed during Task I of an 18 month program being performed 
under Contract NAS3-17796. The objective of this program is to develop 
lightweight thermally efficient composite feedlines for the Cryogenic 
Space Tug propulsion system. 

Six liquid hydrogen (LI^) feedline design concepts were developed 
consisting of composite and all-metal vacuum jacketed and non-vacuum 
jacketed concepts. The non-vacuum jacketed feedlines incorporate purged 
and non- purged multi-layer insulation (MLI) systems with the system pre- 
valve located at the engine turbopump and at the LH 2 tank outlet respect- 
ively. The six design concepts incorporate the latest technology develop- 
ments in the areas of thermally efficient vacuum jacket end closures and 
standoffs, radiation shields in the vacuum annulus, thermal coatings, 
and lightweight dissimilar metal flanged joints. The LH 2 feedline rout- 
ting and design conditions are representative of the current Space Tug 
configuration. All design concepts include straight line sections, 
curved sections, elbows, tees, flanged joints and gimbal installations. 

The composite feedline designs have sufficient flexibility to incorporate 
future changes in design requirements. 

The all-metal and composite feedline designs are evaluated on the 
basis of thermal performance, weight, cost, reliability and reusability. 
It is shown that the composite designs offer improved thermal performance 
and reduced weight for each concept considered, with little increased 
cost. Composite feedlines also exhibit superior damage resistance which 
makes them desirable from reliability, reusability and maintainability 
aspects. In addition to the LH 2 feedline, other propulsion systems are 
evaluated for potential weight savings. It is shown that the Space Tug 
propulsion system weight can be reduced by a total of 11.7 kg (25.9 lb) 
by the use of composite tubing. 

One of the composite and one of the all-metal feedline design con- 
cepts are recommended for further evaluation. The evaluation program 
will include fabricating one all-metal and three composite LH 2 feedline 
assemblies and subjecting them to identical test programs. This evalua- 
tion will provide a direct comparison of the fabrication, cost and per- 
formance characteristics of the all-metal and composite designs. 
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INTRODUCTION 


In the continuing development of optimum performance cryogenic 
propulsion systems, there is considerable interest in the optimization 
of several system parameters. These parameters include thermal flux, 
total weight, cost, reliability and maintainability. The Space Tug 
will require optimization of each of these parameters. Techniques have 
now been developed to produce feedlines using low heat-leak composite 
materials which also offer significant weight reduction, when compared 
to conventional all-metal feedlines. Because of the weight savings 
and improved thermal efficiency that is possible with composite tubing 
technology, the use of this concept may be effective as feedlines for 
the Space Tug and for other thermally optimized, reusable vehicles. 

The capability, performance and reliability of composite tubing, how- 
ever, must be demonstrated. 

The objective of this program is to develop lightweight, thermally 
efficient composite feedlines for the Space Tug cryogenic propellant 
feed system. The program will be performed in eight tasks, as follows: 


Task I 
Task II 
Task III 
Task IV 
Task V 
Task VI 
Task VII 
Task VIII 


Definition of Technology Requirements 

Subscale Testing and Analysis 

Feedline Detailed Design 

Fabrication 

Testing 

Analysis 

Reporting 

Reliability and Quality Assurance 


The purpose of this report is to document the results of Task I. 
The primary activities performed during Task I included: 


1) A literature search to obtain the information necessary to 
develop a representative feedline design configuration and design para 
meters; 

2) An assessment of technology developments that improve the 
relative merits of composite feedlines; 


3) Producing conceptual designs for six liquid hydrogen feedline 
configurations ; 

4) Performing structural analyses to define the required feedline 
wall thickness; 


5) Evaluating each of the conceptual designs on the basis of 
thermal performance, system weight, cost, reliability and reusability; 

6) Selecting the optimum concept for detail design, fabrication 
and test; and 

7) Assessing the relative magnitude of potential benefits to be 
derived from the use of composite feedlines on the Space Tug compared 
to the standard metal feedlines. 
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LITERATURE SURVEY 



A literature search was conducted to obtain the information necessary 
to determine the Space Tug liquid hydrogen feedline design conditions and 
physical configuration. This search included a review of the Space Tug 
Point Design Studies, conducted by McDonnell-Douglas Astronautics Co., and 
North American Rockwell (Ref. 1 and 2), the Baseline Tug Definition Docu- 
ment - Rev. A (Ref. 3), Space Tug Systems Study by General Dynamics/Convair 
(Ref. 4), Space Tug Systems Study (Storable) by the Martin Marietta Corp- 
oration (Ref. 5), preliminary Space Tug design drawings obtained from the 
NASA George C. Marshall Space Flight Center, and telephone conversations 
with numerous personnel who participated in these studies. 


During the literature search, it became clear that Space Tug design 
conditions and physical configuration are not yet firmly established and 
will continue to change for some time. Therefore, data obtained from the 
literature surveyed was used to develop a set of design parameters and a 
liquid hydrogen feedline configuration which provides design flexibility 
for future application. 
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FEEDLINE DESIGN CONDITIONS 


The conditions which affect the liquid hydrogen feedline design are 
system operating requirements and environments within the Space Shuttle 
cargo bay and during the Space Tug mission. The conditions defined in 
the contract statement of work are considered representative and are 
used in the development of the feedline design concepts. These condi- 
tions are defined in Tables I, II, III & IV. The random vibration environ- 
ment, Figure 1, was developed, based upon available Space Shuttle data. 

A representative mission timeline, consisting of a synchronous equatorial 
orbit-retrieval mission, was selected from Ref. 4, see Table 5. 

The primary design objective is to demonstrate all types of compo- 
site tubing technology which may be required for future feedline design 
conditions and requirements. 
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ASSESSMENT OF TECHNOLOGY DEVELOPMENTS 


Known state-of-the-art technology developments were evaluated to assure 
that optimum components were used in the development of the liquid hydrogen 
feedline design concepts. This activity included an evaluation of: 

1. High modulus composites for overwrapping the metallic liner on 
both the inner line and vacuum jacket; 

2* Effect of multi-layer insulation (MLI) in the annulus between 
the vacuum jacket and the inner line; 

3. Lightweight and thermally efficient vacuum jacketed line end 
closures and standoffs; 

4. Dissimilar metal joints as a technique of reducing the weight 
of connections between sections of line; and 

5. Application of thermal coatings to the composite to reduce 
radiation heat transfer for those sections of feedline exposed to solar 
radiation. 

High Modulus Composites . - The following composites were selected 
as candidate overwrap materials: S-glass, Kevlar 49 DP-01, graphite and 

boron. These composites were evaluated by comparing mechanical proper- 
ties, thermal conductivity, resistance to fatigue failure, weight and 
cost. Evaluation of the application of the composite materials will be 
performed during Task II, when subscale test specimens are overwrapped 
using each of the candidate composites except boron. 

Composite properties: The physical properties and cost of the 

candidate composite materials are defined in Table VI. 

The thermal conductivity of S-glass, boron and graphite over a 
temperature range of 28°K to 305°K (50°F to 550°R) as reported by Gille, 

Ref. 8, is defined in Figure 2. The thermal conductivity of Kevlar 49 
at ambient temperature is reported in Ref. 7, as follows: 

Conductivity (transverse to fibers) = 0.149 W/m-°K (0.086 Btu/hr-ft- F) 

Conductivity (parallel to fibers) = 1.747 W/m-°K (1.01 Btu/hr-ft-°F) 

The key differences in composite properties are minimum wrap thick- 
ness, density, cost and thermal coefficient of expansion. It is noted 
that the thiner minimum wrap thickness and the lower density of graphite 
results in a high percentage of composite weight reduction. The negative 
coefficient of expansion characteristic of Kevlar 49 DP-01 is very un- 
desirable for use with LH 2 , but would probably be acceptable for use on 
feedlines having less temperature extremes. S-glass is superior to the 
other composites from a cost and fabrication experience standpoint. 
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Resistance to fatigue failure: A comparison of the fatigue behavior 

of the unidirectional composites, stainless steel and aluminum (as reported 
in Ref. 7), is shown in Figure 3. The difference between the fatigue be- 
havior of a composite and that of a metal structure. Ref. 9, is depicted 
in Figure 4. The primary mode of damage in a metal structure is cracking. 
Cracks propagate in a well defined manner with respect to the applied stress, 
and the critical crack size and rate of crack propagation can be related to 
specimen data through analytical fracture mechanics. In this discussion, 
the critical damage size is defined as that amount of damage at which 
the composite will no longer be structurally adequate. In general, the 
crack initiation time [defined as the time to detectable cracking (in- 
spection threshold)] occupies a large part of the fatigue life of a metal 
part. It should be noted that all structures have some initial damage 
in the form of micro-cracks, surface imperfections, inclusions and other 
stress risers and that much of the so-called crack initiation time involves 
propagation of this damage to detectable size. With composite structures 
there is no single damage mode which dominates. Matrix cracking, delamin- 
ation, debonding, voids, fiber fracture and composite cracking can all 
occur separately or in combination, and the predominance of one or more 
is highly dependent on the laminae orientations and the loading conditions. 
In addition, the unique joints and attachments used for composite struc- 
tures often introduce modes of failure different from those typified by 
the laminate itself. 

Referring to Figure 4, the composite damage propagates in a less 
regular manner and damage modes can change. Present experience with 
composites indicates that the rate of damage propagation in composites 
does not exhibit the two distinct regions of initiation and propagation. 
Although, as mentioned above, the crack initiation range in metals is 
actually propagation, there is a significant quantitative difference in 
rate . This quantitative difference appears to be less apparent with 
composites. This observation is quite subjective and apparently de- 
pendent upon the observer's definition of initiation. Some investi- 
gators have observed matrix crazing and other indications early in their 
tests, but have reported short time rapid propagation, because they 
define the latter, based upon their experience with metals, as crack 
propagation. Indeed, composite cracking may occupy only a small part 
of the fatigue life at the Very end, but we can certainly make use of 
all the earlier indications which are prevalent. 

It is expected that composite materials will be more damage tolerant 
than metals. This expectation is based upon limited experience and will 
depend upon the laminae orientations (unidirectional composites are sub- 
ject to splitting) and the loading conditions, but in general, it can be 
argued that each fiber is a separate load path and that a composite is, 
therefore, highly redundant. 
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Thermal stresses: The computation of the s tresses induced into 

the composite, as a result of delta temperature, assumes that the liner 
and overwrap deflect an equal amount with temperature changes, i.e., 
the overwrap is attached to the liner end fittings or its movement is 
restricted by the end fittings. The derivation of an equation to deter- 
mine axial stresses in the liner and overwrap is presented below: 

The deflection (AL) of the composite tube due to temperature 

FL 

change = a(AL)L and the deflection due to internal forces = 77 : 

n£i 

where , 

<* = Coefficient of thermal expansion 

At = Change in temperature, (negative if temperature is lowered 
and positive if temperature rises) 

L = Tube length 

F = Force 

A = Cross sectional area 
E = Modulus of elasticity. 


Subscripts: 

L indicates liner 

OL indicates longitudinal overwrap 

OH indicates hoop overwrap. 


The deflection of the tube in the longitudinal direction can be expressed 

as: f l l l f ol l ol 

AL = or (A T)L + ~T = (AT)L +7^7^ = (AT)L 


a l e l 


OL 


OL OL 


OH 


OH 


+ 


f oh l oh 

a oh e oh 


But, 1^ - L ql - L qh 


a„dF L - <4V“ L aT)(A LV 
f ol“ (al /l-“ox. 4 T)(a olV 
f oh- <Al /l-°W at)<a oh e oh> 


Since, the forces in the liner and overwrap must be equal at equilibrium 
conditions : 
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= 0 then. 



Overwrap pattern - consists of two hoop layers and a 1/2 longitudinal 
layer of cloth strips. 

E - 22,100,000 N/cm 2 (32,000,000 psi) 

L 

a - 2.68 x 10" 6 cm/ cm/°K (4.82 x 10‘ 6 in/in/°F) 

L 

AT - 272°K (490°F) 


The stresses predicted by this analysis for a 10.2 cm (4 in.) diameter 
composite line overwrapped with the candidate composite materials are as 
follows: 



AXIAL STRESS WITH RESPECT TO TUBE CENTERLINE 

Composite 

Material 

Composite Hoop Overwrap 
N/cnT (psi) 

Composite Longitudinal 
Overwrap, N/cm^ (psi) (1) 

S-Slass 

Kevlar 49 DP-01 

Graphite 

Boron 

1,193 (1,730) 
7,726 (10,555) 
3,164 (4,590) 
3,433 (4,980) 

-6315 (-9160) 
-27,030 (-39,210) 
-17,225 (-24,985) 
-20,402 (-29,594) 

(1) Negative sign 

indicates compression. 







The compressive stress in the Kevlar 49 DP-01 approaches the 
allowable for this material, Ref. Table VI. The stresses for boron, 
graphite and S-Glass are well within the allowable limits. 

Summary-evaluation of composites: The evaluation parameters for 

each of the candidate composites are summarized in Table VII. The cost 
and weight comparison is based upon the composite material required to 
overwrap one liquid hydrogen feedline assembly. S-Glass or graphite are 
the two most promising materials. The final selection, however, should 
be based on system sensitivity to weight, assuming difficulties are not 
encountered in the application of the overwrap or test. This will be 
determined during the overwrap of the subscale test specimens in Task II. 

Effect of Radiation Shields in Vacuum Jacketed Line Annulus . - The 
primary requirement for radiation shields in the vacuum jacketed lines is 
to reduce the radiation component of heat transfer. Radiation shields 
exhibit a low emittance, thereby reducing the effective emittance and 
consequently the overall heat flux. The key considerations for radiation 
shields in a vacuum annulus are effective emittance, system heat flux, 
weight and cost. These parameters versus the number of layers of radia- 
tion shields are depicted in Figure 5. 

The addition of radiation shields also reduces gas conduction at 
higher gas pressures because the voids between components of insulation 
are reduced; thus the mean free path of gas molecules is no longer an 
influence. This is especially true in ground operations where vacuum 
maintenance is critical to maintaining low LH 2 boiloff rates. 

Effective emittances: Emissivity measurements made of vacuum annuli 

without radiation shields and data from the literature of candidate mater- 
ials (see Table VIII) indicate that the emissivity of cleaned Inconel 
surfaces is about 0.20 at ambient temperatures. Under these conditions* 
the effective emissivity for radiation exchange across the vacuum jacket 
is approximately 0.0758. This is equivalent to a net radiation transfer 
rate of 46.4 W/m^ (14.7 Btu/hr-ft 2 ) or about 51% of the total heat leak 
on the LH 2 vacuum jacketed metal line without radiation shields. A corres- 
ponding composite line has an effective emissivity of 0.225 and net radia- 
tion transfer rate of 138 W/m 2 (43.6 Btu/hr-ft 2 ) or about 75% of the total 
heat flux for a jacket temperature of 322°K (120°F). The effective emis- 
sivity of a composite line can be reduced by applying a thermal coating on 
the composite overwrap surface or by the addition of radiation shields. 

Eight radiation shields will yield an effective emissivity of 0.00147 and 
eliminate 98.1% of the heat flux due to radiation. The "Superf loc" radia- 
tion shields proposed approach an idealized assembly, i.e., where the 
radiation shield is defined as an isothermal surface of low emittance 
having no direct contact with adjoining surfaces and/or boundaries. "Super- 
floe” is a high performance superinsulation (aluminized mylar separated 
by flocked tufts of Dacron fibers) manufactured by General Dynamics/Con- 
vair, San Diego, California. 

The solid conduction component of heat transfer from the Superfloe 
radiation shields contributes approximately 0.4 W (1.5 Btu/hr) or less 
that 0.6% of the total heat flux for the vacuum jacketed feedline. 
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Weight and cost of radiation shields: The density of the eight radia- 

tion shields consisting of 6 layers of Superfloe and an inner and outer 
protection shield is 0.22 kg/m^ (0.0445 lb/ft^) or 0.21 kg (0.47 lb) for 
the entire feedline. The cost of eight layers of Superfloe is $1,145 for 
one feedline assembly. The Superfloe insulation is used in the analyses 
presented herein and is depicted in the feedline conceptual designs. A 
less expensive MLI, however, will be used on the test specimens, because 
of the higher cost for Superfloc. Both composite and non-composite 
test specimens will be insulated identically for comparison of thermal 
performance. The difference in the thermal characteristics of Superfloc 
and the test insulation will be considered in comparing test and theore- 
tical results. 

Vacuum Jacketed Line Standoffs and End Closures . -The conventional 
vacuum jacket proposed is a double walled construction with the annulus . 
between the concentric walls evacuated. The thermal effectiveness of this 
design is dependent upon the level of vacuum and the method of outer to 
inner wall support and attachment. The liquid hydrogen line vacuum jacket 
is supported from the inner line by nine standoffs. End closures sealing 
the vacuum jacket to the inner line are provided at six locations and are 
adjacent to the flanges. Figures 7 and 8 describe the concepts evaluated 
for standoffs and end closures respectively with corresponding heat flux 
and weight values. 

Concept (a) , Figure 7 , was selected as the optimum vacuum jacket 
standoff for the following reasons: 

Low heat flux; 

Good load carrying characteristics; 

Resistance to damage and good maintainability. 

The proposed standoff design consists of a stainless steel ring with 
a hat-shaped cross section welded to the vacuum jacket. Thermal losses 
through the standoffs are minimized by the tortuous leak path through 
the metal spring which is isolated from the cold surface of the inner 
line by Teflon blocks. The Teflon blocks also prevent surface wear by 
preventing metal- to-metal contact of the standoffs to the inner line. 

The non-metallics will require vacuum baking at elevated temperatures to 
reduce outgassing. A clearance of 0.15 cm (0.06 in.) is provided between 
the base of the hat section and the inner line. This allows the hat- 
section to uniformly distribute loads from the vacuum jacket to the 
inner line. 

The other designs, although lighter weight, do not provide uniform 
load dissipation, overload protection or competitive thermal characteris- 
tics. ' 


Concept (c) , Figure 8, was selected as the optimum vacuum jacket end 
closure, because it offers the highest thermal efficiency and acceptable 
structural and fabrication characteristics. 
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The end closures consist of a number of contracting and expanding 
cones of increasing diameter welded together. The design concept may be 
incorporated both at the flexible joints and at the vacuum jacket termi- 
nations adjacent to the line flanges. 

Lighter weight end closure concepts, shown in Figure 8, were not 
selected, because of poor thermal characteristics, higher fabrication 
costs and poor structural reliability. A heat flux of 33 W (113 Btu/hr) 
per concept (a). Figure 8, would approximately double the total liquid 
hydrogen boilof f that will exist with concept (c) . 

Evaluation of Dissimilar Metal Joints . - Four techniques of joining 
dissimilar netal (304L stainless steel to 2219-T851 aluminum) tubes were 
evaluated. The techniques consisted of inertia welding, coextrusion bond- 
ing, swaged and explosive welding. Fifteen joints 6.4 cm (2.5 in.) O.D., 
by 0.3 cm (0.125 in.) thick wall, by 7.6 cm (3.0 in.) long were fabricated 
using each of the joining techniques. The joints were subjected to a test 
program and evaluated for application in the liquid hydrogen feedline 
design. The fabrication and testing of these joints was performed under 
Contract NAS9-13570, Dissimilar Metals Joint Evaluation, Report No. 

MCR 74-88, The Martin Marietta Corporation, April, 1974. The results 
and conclusions of this contract are discussed in the following paragraphs. 

Results of dissimilar metal joint evaluation under Contract NAS9-13570: 
The purpose of this contract was to develop the production technique for 
6.35 cm (2.50 in.) diameter bimetallic transition joints from 2219-T851 
al umi num to 304L stainless steel by four methods, and to compare their 
relative performance through a series of tests. Also, an evaluation was 
made of the costs and constraints of applying the production methods to 
larger joints up to 43 cm (17 in.) diameter. 

A total of twenty-one joints were fabricated by inertia welding (fric- 
tion welding) using a Caterpillar Tractor Co. welder. The joints were manu- 
factured by Interface Welding Company of Carson, California. Attempts were 
made to weld the 2219 directly to the 304L by exploring all adjustable 
machine parameters, by using different configurations and by using both 
T851 and T351 tempers. This resulted in a poor quality bond, so it was 
elected to provide an intermediate layer of 6061-T6 aluminum, which is 
more readily weldable to . each of the other materials. The production 
process which evolved welded the 6061-T6 to 2219-T851, then welded the 
refaced 6061 to 304L. The completed joint was artificially aged to re- 
cover 6061-T6 aluminum properties in the thin intermediate layer. 

A total of eighteen joints were fabricated by explosive welding. They 
were manufactured by Martin Marietta Corporation, Denver Division. The 
configuration chosen featured a scarf angle at the interface, in order to 
provide more bond area to dissipate stresses. The joints used an inter- 
mediate layer of sterling silver bonded to the T851 condition aluminum, 
with the 304L stainless steel then bonded to the silver. No ageing or 
stress relieving operations were performed during assembly of these joints. 
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Fifteen joints were fabricated by coextrusion bonding. To fabricate 
a joint, the 2219 aluminum was placed in intimate contact with the 304L 
stainless steel within an extrusion billet. After heating, the billet, was 
extruded to promote the diffusion between th^ aluminum and stainless 
steel. After preliminary machining, the joint was solutionized and 
quenched, subjected to 1 to 3% cold deformation and artificially aged 
to bring the aluminum to T851 condition. 

Fifteen joints were prepared by swaged construction. They were manu- 
factured by Metal Bellows Corporation of Chatsworth, California. The 
joint was formed by mechanically swaging a cylindrical section of 304L 
stainless steel within a serrated 2219 aluminum collar. The sharp edges 
of the serrations were held in intimate contact with the opposing piece 
due to the high residual stresses following swaging (tensile in the alu- 
minum and compressive in the stainless). 

Tests were performed to compare the structural integrity and leakage 
resistance of the four joint types. Tests consisted of proof, leakage, 
NDT, thermal cycle, pressure cycle, galvanic corrosion, burst and metallo- 
graphic inspection. 

The overall results of the test program were excellent. A parametric 
evaluation of the four joint configurations is provided in Table IX. Each 
joint type (in at least one phase of testing) exhibited an advantage over 
the other joint types, when all test results were compared. Thus, one 
fabrication technique could prove to be more suitable than the others for 
a given application. A brief summary of the test results follows. All 
joint types exhibited good mechanical strength. All joint types were 
essentially leak-free except for the swaged construction and some of the 
explosive welded joints. All joint types exhibited a yield pressure of 
from 2100 N/cm 2 (3000 psig) to 2800 N/cm 2 (4000 psig) and a burst pressure 
of approximately 5000 N/cm 2 (8000 psig). All joint types withstood expo- 
sure to thermal cycling without apparent degradation and exhibited reason- 
able life when subjected to pressure cycling. The inertia welded joints 
showed the best resistance to pressure cycling (at a stress level equi- 
valent to that produced by proof pressure), surviving to about 170,000 
cycles, and failed in the parent aluminum material. The galvanic corror, 
sion test, while harsh (items unprotected while immersed in a NaCl/I^O 
bath), indicated that the swaged construction and explosive welded joints 
exhibited a reasonable resistance to galvanic corrosion. Of all joint 
types, the inertia welded joints were more severely attacked. 

Unfortunately, manufacturing problems forced delivery of most of 
the coextruded joints too late for complete evaluation under this test 
program. 

Conclusions, dissimilar metal joint evaluation: The following 

determinations were made with respect to the 6.4 cm (2.5 in.) O.D. joints 
produced by inertia welding. 
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1. A weld between 2219-T851 and 304L could not be made without an 
intermediate material. 

2. A layer of 6061-T6 is a suitable intermediate material between 
2219-T851 and 304L. 

3. The process was found to be consistent and reliable, as critical 
paremeters are controlled by machinery rather than by personnel. 

4. The joints exhibited excellent fatigue strength when compared 
to the parent 2219 aluminum. 

5. The joints exhibited poor galvanic corrosion resistance compared 
to the explosive welded and swaged construction joints, when submerged 

in a NaCl/H 2 0 electrolyte. 

6. The joints exhibited excellent thermal cycle resistance when 
cycled between 78K (-320°F) and 375K (+215°F). 

7. The joints exhibited excellent leakage resistance. 

8. The joints failed axially at the 304L/6061 bond interface when 
hydroburst, with little apparent ductility. 

9. The 2219/6061 and 6061/304L bonds were found to have metallur- 
gical diffusion. 

The following determinations were made with respect to the 6.4 cm 
(2.5 in.) O.D. joints produced by explosive welding. 

1. The process is more subject to inconsistency when compared with 
inertia welding or swaged construction, as several critical parameters 
are controlled by workmanship of personnel. 

2. A tubular weld between 2219-T851 and 304L can be successfully 
made on a scarf angle, using a sterling silver intermediate layer. 

3. The joints exhibited about 20% of the fatigue strength of the 
parent 2219 aluminum. 

. 4. The joints exhibited galvanic corrosion resistance between 
inertia welded and swaged construction joints when submerged in a NaCl/ 
H 2 0 electrolyte. 

5. The joints exhibited good thermal cycle resistance when cycled 
between 78K (-320°F) and 375K (+215°F). 

6. The joints exhibited good leakage resistance when once verified 
leak free after manufacture. 
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7. The joints failed in an axial shear mode partly in the 304L/Ag 
bond, and partly in the aluminum parent metal when hydroburst. 

8. The 304L/Ag and Ag/2219 bonds were found to have metallurgical 
diffusion. 

The following determinations were made with respect to the 6.4 cm 
(2.5 in.) O.D. joints produced by swaged construction. 

1. A tubular joint may be made between 2219-T851 and 304L, but 
additional development is necessary. 

2. The joints exhibited about 40% of the fatigue strength of the 
parent 2219 aluminum. 

3. The joints exhibited better galvanic corrosion resistance than 
inertia welded or explosive welded joints when submerged in a NaCl/l^O 
electrolyte. This resistance is due to anodization of the aluminum 
portion prior to assembly which is not feasible on the other joint types. 

4. The joints exhibited excellent thermal cycle resistance when 
cycled between 78K (-320°F) and 375K (+215°F). 

5. Most of the joints were not leak free. It is felt that the 
leakage could be remedied through development. 

6. The joints failed in an axial shear mode in the stainless por- 
tion or the the joint pulling slightly apart, but always in a leak-before- 
burst mode. 

The following determinations were made with respect to the 6.4 cm 
(2.5 in.) O.D. joints produced by coextrusion. 

1. A joint between 2219-T851 and 304L, although possible, presents 
serious problems during fabrication, particularly during the heat treat- 
ment portion of the process. 

2. The joint tested exhibited excellent thermal cycle resistance 
when cycled between 78K (-320°F) and 375K (+215°F). 

3. The joints tested exhibited excellent leakage resistance. 

The following determinations were made with respect to producing 
larger size 20.3 cm (8.0 in.), 30.5 cm (12.0 in.) and 43.2 cm (17.0 in.) 

O.D. joints. 

1. The least expensive joint to manufacture in larger sizes (once 
tooling has been purchased) is the swaged construction. 

2. Inertia welded, explosive welded and swaged construction joints 
appear practical to manufacture in larger sizes. The coextruded joint 
is not a good candidate for larger sizes in 2219 aluminum alloy if it 
must be heat treated. 
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3. The construction method which is potentially lightest weight is 
inertia welding, due to its butt joint configuration. 

The successful development of dissimilar metal joint fabrication 
techniques provides the capability of using lightweight overwrapped 
Inconel tubing and lightweight aluminum flanges. A typical dissimilar 
metal flange joint configuration is depicted in Figure 9. As shown, 
the thin stainless steel tubular section of the flange is welded to the 
thin Inconel tubing liner. The thick section of the flange is aluminum. 
This flange reflects the low profile design developed by NASA MSFC. The 
flange dimensions were determined by computer analysis developed by the 
Lockheed Missiles and Space Company under Contract NAS8-28614, Ref. 10. 
The resulting flange dimensions are charted in Figure 9 for the Space Tug 
liquid hydrogen feedline. A comparison of the all-stainless and dissimi- 
lar metal joint flange weights shows 0.14 kg (0.3 lb) can be saved per 
flange using dissimilar metal joints. 

The cost for fabrication of the dissimilar metal joints are compared 
below. These costs are based on a quantity of 12 each and do not include 
machining of the flange face which would be the same for each type of 
joint. It should be noted that the costs for machining the aluminum 
flange on a dissimilar metal joint would be less than for the all stain- 
less steel flange, because of the easier machinability of aluminum. 

This would partially offset the cost of the dissimilar metal joint, when 
compared to the all stainless steel flange. 


TYPE OF DISSIMILAR 
METAL JOINT 

COST/JOINT 

Coextrusion Bond 

$485.00 

Explosive Welding 

$310.00 

Swaged Construction 

$200.00 

Inertia Welding 

$170.00 


Evaluation of Thermal Coatings on Composite Lines . - The temperature 
of a surface exposed to solar radiation in a space environment will reach 
an equilibrium temperature consistent with an energy balance between the 
rate of solar energy absorption and the rate of infrared emission. The 
solar energy absorbed is a function of the solar absorptivity (o; g ) and 
the projected area normal to the incident radiation, and the emitted 
energy is a function of the surface emissivity and the total radiation 
area. The equilibrium temperature is given by: 


T = 


where S = 
c 


A 

s 


|SA «] 1/4 
c s s 

|Z A < 

2 2 

Solar constant, 1355 W/m (430 Btu/hr-ft ) in near-Earth 


environment; 

2 2 

Projected area normal to solar radiation, m (ft. ) 
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a = Solar absorptivity 

s 

“S 2 o 4 

Z = Stefan Boltzmann Constant, 1.798 x 10 W/m - K 

(0.1713 x 10~ 8 Btu/hr-ft 2 -°R 3 4 ) 

2 2 

A = Radiation area, m (ft. ) 

€ = Surface emissivity 

Typical temperatures for an insulated flat plate, a semi-cylinder, 
an uninsulated flat plate and a bare cylinder are given in Table X for 
an « g /e = 1 and a s /« = 0.24/0.88. The feedline solar radiation sur- 
face approximates a semi-cylinder, i.e., the line is assumed to be routed 
adjacent to a tank or structure so that the back side is not exposed. 

The predicted equilibrium temperatures for metal and composite lines 
with and without thermal coatings are compared in Table XI. As indicated 
the composite lines without thermal coatings will reach an equilibrium 
temperature of 350°K (170°F). This will not cause structural degradation 
but will reduce thermal performance. Thus, exposed sections of the feed- 
line which have the potential of reaching high localized temperatures 
should be covered with a coating having a low a s /< • Recommended coatings 
are given in Table XII. 

The feedline design concepts that include multi-layer insulation 
(Superfloe made from double aluminized Mylar film with Dacron flock tufts) 
should be configured so that the outer layer of insulation has the alumi- 
nized coating facing inward. The outer non- aluminized Mylar surface will 
have an « g /tw0.25 and will, therefore, reach an equilibrium temperature 
of approximately the same as the thermally coated surfaces. 

The thermal coating adherence characteristics are a function of 
material, surface finish and environments. If thermally coated composite 
lines without multi-layer insulation are to be used in a solar radiation 
environment, coating application techniques should be developed and tested. 

Summary - Assessment of Technology Developments . - The following 
conclusions are drawn from the evaluation of technology developments 
applicable to composite feedlines: 

1. Graphite/epoxy provides the lightest weight structurally accept- 
able overwrap material of the composites evaluated. 

2. The radiation component of heat transfer in the vacuum jacketed 
feedline is minimized by the installation of eight radiation shields in 
the vacuum jacket annulus. 

3. Thermally efficient vacuum jacketed line end closures and stand- 
offs significantly reduce liquid hydrogen boil-off, as compared to non- 
optimum designs. The boil-off losses are more significant from a system 

aspect than the end closure or standoff component weight. 
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4. The fabrication and testing of dissimilar metal joints that has 
been completed shows promising results. When fully developed, dissimilar 
metal joining techniques will provide the capability of using lightweight 
aluminum flanges with lightweight composite tubing. 

5 . All-metal or composite lines which are exposed to solar radiation 
and not covered with insulation should be thermally coated to reduce line 
surface equilibrium temperature. 
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LIQUID HYDROGEN FEEDLINE DESIGN CONCEPTS 


. Six concept designs for the Space Tug liquid hydrogen feedline were 
developed. These concepts are defined, as follows: 


CONCEPT 

NUMBER 

CONFIGURATION 

LINE 

CONDITION 

INSULATION 

1 

Vacuum Jacketed Metal 

Wet 

None 

2 

Vacuum Jacketed Composite 

Wet 

None 

3 

Non-Vacuum Jacketed Metal 

Wet 

Purged MLI 

4 

Non-Vacuum Jacketed Metal 

Dry 

MLI 

5 

Non-Vacuum Jacketed Composite 

Dry 

MLI 

6 

Non-Vacuum Jacketed Composite 

Wet 

Purged MLI 


Concept No. 3 is the baseline concept for evaluation and comparison with 
the other concepts. The line condition "wet" is defined as a configuration 
that has a prevalve located near the engine turbo pump and the feedline is 
full of liquid from the time of ground propellant loading until the flight 
mission is complete and propellant is dumped prior to reentry. The line 
condition "dry" is defined as a configuration that has a prevalve located 
at the feedline/LH2 tank interface. Two operational plans were evaluated 
for the dry line condition: 

1. Mode II: The prevalve is closed during propellant loading and 

remains closed until the first engine burn during the mission; the valve 
then remains open, leaving the feedline full of propellant from that time 
until the mission has been completed. 

2. Mode III: The prevalve is closed during propellant loading and 

remains closed at all times during the mission except during engine burn. 

The line is dumped after each burn. 

These designs are depicted by the concept design drawings included 
in Appendix A. All design concepts include curved and straight line 
sections and are representative of anticipated Space Tug feedline routing 
and interface characteristics. The feedline assemblies consist of three 
flanged line sections to facilitate installation and handling. All con- 
figurations include three gimbal joints to accomodate structural and ther- 
mal deflections. 

The vacuum jacketed configurations have eight layers of multi-layer 
insulation (MLI) in the vacuum annulus , a thermal coating on the exterior 
surface of the vacuum jacket and lightweight/ thermally efficient end 
closures and standoffs. 

The composite lines are overwrapped with a layer of machine hoop 
wrapped 20 end roving, a half layer of longitudinally oriented glass cloth, 
and a final layer of hoop wrap. The use of graphite epoxy would reduce 
the feedline assembly weight by approximately 0.8 kg (1.7 lb) but was not 
selected because overwrap application has not yet been demonstrated. 
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All composite feedline concepts include inertia welded dissimilar 
metal (aluminum to stainless steel) flanged joints. This dissimilar metal 
flange configuration reduces the LH 2 feedline system weight by 0.8 kg 
(1.8 lb) and could be used with the all metal configurations, as well as 
with the composite lines. They were not used in the all-metal configura- 
tions, because dissimilar metal joints are not shown on any of the current 
Space Tug feedline preliminary designs. 

Feedline Routing Considerations . - The key considerations and rationale 
used in the development of the feedline configurations depicted by the 
drawings in Appendix A are: 

1. Current cryogenic Space Tug feedline design concepts; 

2. Influence of vehicle configurations drivers; and 

3. Line motions resulting from structural and thermal deflections. 

Current Space Tug feedline design concepts: A review of available 

Space Tug literature and contacts with contractor personnel continuing to 
work cryogenic Tug studies indicated that the design conditions are still 
preliminary and will continue to change. Anticipated feedline routing 
requirements will include straight line sections, curved line sections, 
short radius elbows, tees, fittings, flexible joints and external supports. 
The feedline routing developed for the six design concepts will demonstrate 
composite line technology for each of these requirements. 

Configuration drivers: The anticipated influence of the various 

Space Tug Vehicle configuration drivers was determined and factored into 
the feedline configurations. Examples of configuration drivers are: 
feedline design conditions (defined earlier) , type of LH 2 tank insulation 
system, interface and packaging constraints and operational requirements. 
Table XIII depicts the anticipated configuration drivers, effected feed- 
line characteristics and plan for evaluation. 

Line motions: The feedline design must accommodate the effects of 

temperature extremes 367°K to 21°K (200°F to -423°F) , system operation 
pressure, propellant weight and interface translational and rotational 
motions resulting from vehicle acceleration and vibration. An analysis 
was performed to predict the thermal effects and establish the interface 
motions. The resulting line deflections and angulation requirements are 
defined in Figure 10. 

Each of the feedline assemblies include three gimbal joints to accom- 
modate the interface motions and temperature extremes. These joints are 
a standard design by Stainless Steel Products, Inc. The design was used 
on the Saturn SIVB stage in liquid hydrogen vent lines. The joint is 
designed for low pressure and light weight, 0.9 kg; (2.01 lb). The joint 
is capable of 0.087 rad. (+ 5°) motion and 55 N/cm (80 psig) proof pres- 
sure at ambient temperature. 
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Multi-Laver Insulation . — Various multi-layer insulation (ML1) sys- 
tems were investigated for the LH- feedlines. The objectives were to 
find a system which is lightweight, readily purgeable during ground 
operations, easily installed on the feedline, thermally acceptable for 
insulation performance over all phases of the mission and reusable with 
min imum degradation and maintenance for the life of the vehicle. A 
description of the proposed system, rationale for component selection, 
system performance and weight sensitivities are presented in the following 
paragraphs . 

The MLI consists of 0.00064 cm (0.00025 in.) doubly aluminized mylar 
radiation shields separated 0.08 cm (0.030 in.) by Dacron flock tufts. 

The MLI is helically wrapped from a 5.1 cm (2 in.) wide spool with a 2.54 
cm (1 in.) overlap, on the non-vacuum jacketed feedlines to a thickness of 
2.54 cm (1 in.) (approximately 30 layers per inch). A protective purge bag, 

G. T. Schjeldahl Co., Northfield, Minnesota, P/NX-850 or equivalent laminate, 
0.0178 cm (0.007 in.) thick and 0.078 kg/m 2 (0.016 lb/ft 2 ), is wrapped 
around the MLI for protection from handling damage and external environ- 
ment including water vapor, salt spray, dust, etc. The purge bag axial 
and circumferential seams are bonded with a Crest Product Co. , P/N 7410 
A & B, adhesive. Only the inside of the purge bag is aluminized to 
reduce the exterior operation temperature. The externally mounted purge 
bag can be effectively preconditioned to remove constituents such as 
absorbed water vapor which will outgas in space, purged to remove con- 
densible gases prior to propellant loading and repressurized during entry 
to prevent ambient gas from contaminating the system. The inclusion of 
a sealed purge bag eliminated the requirement for expensive gold-coating 
of the MLI radiation shields to prevent damage of the shields from moisture. 

A helium purge system is installed at one end of the feedline for 
the design concepts using a purged MLI insulation system. Phenolic stand- 
offs are bonded to the feedline providing an enclosure at the MLI ends for 
application of the helium purge. The helium will flow from one end of the 
feedline to the other where it will be vented to the atmosphere. A hot 
helium purge will be initiated prior to propellant loading to drive off 
any residual moisture. The configuration of the MLI (both purged and 
non-purged designs) are depicted on the concept design drawings in Appendix 
A. 

The Dacron flock (Superfloe) between radiation shields was selected 
over other spacer materials, e.g., foam, glass fabric, crinkled film, 
silk, nylon screen, etc., because of the following: 
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2 2 

1. Low weight per unit area 0.316 kg/m (0.0648 lb/ ft ) for 30 
layers Superfloe; 

2. Excellent dimensional stability; and 

3. Excellent capability to carry compressive loads (94% compression 
recovery) . 

Super floe has been subjected to considerable subscale thermal and 
structural testing and has been wrapped successfully on a 7.6 cm (3.0 in.) 
cryogenic feedline complete with purge system and purge bag. The Super- 
floe system possesses excellent interstitial gas venting characteristics 
and offers maximum thermal performance for a given number of layers. It 
exhibits a balance between the desire to reduce weight and the capability 
of the spacer material to carry loads without suffering a substantial 
increase in heat transfer. The weight of the MLI has been calculated as 
follows : 

kg/m 2 (lb/ft 2 ) 

30 layers of Superfloe 0.32 (0.0648) 

Laminated aluminized purge bag 0.08 (0.0160) 


Total 0.40 (0.0808) 

Concept 1. Vacuum Jacketed Metal Configuration Description . - Con- 
cept 1 consists of an all-metal conventional vacuum jacketed line assembly. 

The inner line is 0.058 cm (0.023 in.) thick stainless steel sheet, 
formed to the configuration shown in Appendix A. Low profile stainless 
steel flanges are welded to the inner line for interfacing with the pre- 
valve, located at the engine interface and with the liquid hydrogen tank. 

Two additional flange joints are provided which divide the feedline assembly 
into three line sections. A tee connection is provided for LH 2 fill and 
drain through the feedline, if required. 

Each of the line sections are vacuum jacketed for thermal insulation. 

The vacuum jacket consists of a 12.7 cm (5.0 in.) O.D. by 0.06 cm (0.025 

in.) thick stainless steel tube supported to the inner line by standoffs 

and sealed at the ends by end closures. Hie standoffs and end closures 

are of the optimum configurations shown in Figures 7 concept (a) and 8 
concept (c) respectively. Eight layers of Super floe insulation are in- 
stalled in the vacuum annulus to reduce radiation heat flux. Internal 
0.06 cm (0.25 in.) radius convolutes on 22.8 cm (9.0 in.) centers are 
formed in the vacuum jacket for resistance to external pressure loading. 

Each of the line sections contain a flight weight vacuum sensing 
connection, vacuum acquisition valve and a burst disc for over pressure 
relief. 
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The feedline assembly contains three vacuum jacketed gimbals welded 
into the inner line and into the vacuum jacket. The vacuum annulus is 
continuous through the gimbals. 

Concept 2. Vacuum Jacketed Composite Configuration . - Concept 2 is 
of the same physical geometry as Concept 1. Hie gimbals, prevalve location, 
vacuum components, ML1 insulation, standoffs and end closure designs are 
identical to Concept 1. 

The vacuum jacket consists of a 0.021 cm (0.009 in.) thick Inconel 
718 liner overwrapped with 2 hoop layers of S-Glass roving applied in a 
+0.09 rad (+ 5 degrees) helical pattern. Convolutes of 0.64 cm (0.25 in.) 
radius are formed in the vacuum jacket on 3.8 cm (1.5 in.) centers for • 
resistance to external pressure loading. 

The inner line consists of a 0.02 cm (0.008 in.) thick Inconel 718 
tube liner overwrapped with two hoop layers of S-Glass roving and longi- 
tudinal strips of glass-fiber cloth sandwiched between the hoop layers. 

The flange locations are identical to Concept 1. The flanges are inertia 
welded stainless steel to aluminum joints of the configuration discussed 
earlier. 

M 

Concept 3. Non- Vacuum Jacketed Metal, Wet, Purged MLI, Configuration* - 
Concept 3, a conventional all-metal feedline insulated with helium purged 
MLI, was established by NASA as the baseline for competitive comparison 
with the other design concepts* The prevalve is located at the engine 
turbo pump interface* The gimbal system (except non-vacuum jacketed), 
flange designs and routing are identical to Concept 1* The feedline is 
10 cm (4.0 in*) 0.D* by 0*05 cm (0.020 in*) thick stainless steel tubing. 

The insulation system consists of 30 layers of double aluminized 
Superfloe, as defined earlier* 

Concept 4* Non-Vacuum Jacketed Metal, Dry* MLI* Configuration. - 
Concept 4 is identical to Concept 3 except the prevalve is located at the 
liquid hydrogen tank interface and the insulation system is not purged. 

Concept 5* Non- Vacuum Jacketed Composite* Dry, MLI, Configuration * - 
Concept 5 is identical to Concept 4 except the pressure line is a composite 
overwrapped design and dissimilar metal (aluminum to stainless steel) 
flanges are used. The pressure line is 0*013 cm (0.005 in.) thick Inconel 
718 overwrapped with two layers of S-Glass roving and longitudinal strips 
of glass-fiber cloth identical to the overwrap on the Concept 2 inner line. 

Concept 6 Non- Vacuum Jacketed Composite* Wet, Purged* MLI Configur - 
ation * - Concept 6 is identical to Concept 3 except, as in Concept 5, the 
pressure line is a composite overwrapped design and dissimilar metal flanges 
are used. 
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STRUCTURAL EVALUATION 


Because of the feedline low operating pressure and external loads, 
the non-vacuum jacketed feedline concepts are essentially designed for 
handling and manufacturing limitations. The vacuum jacketed lines are 
designed to withstand an external pressure loading of 15 N/cm 2 (22 psi) 
on both the pressure carrying inner line and the vacuum jacket. Handling 
loads are also a major consideration in the vacuum jacketed line design. 


The NASA Marshall Space Flight Center has recommended the minimum 
duct wall thickness for handling, see Figure 11. As shown, the minimum 
gage for 10.2 and 12.7 cm (4.0 and 5.0 in.) diameter steel tubing is 
0.05 and 0.06 cm (0.02 and 0.025 in.) respectively. These are the line 
gages selected for the all-metal design concepts, except for the inner 
line of the all-metal vacuum jacketed line, Concept 1. This line gage 
was dictated by an internal over pressure consideration per the following 
analysis. The composite line gages, considering the combined metal liner 
and overwrap thickness, slightly exceed these minimum gage requirements. 
Stress levels are checked for the pressure carrying lines using maximum 
anticipated line pressure. The maximum line pressures may be as high as 
58 N/cm 2 (85 psig) assuming an operating pressure of 21 N/cm 2 (30 psig) 
added to a surge pressure of 38 N/cm 2 (55 psig). The surge pressure is 
calculated based on a fast closing engine shutoff valve. From Ref. 12, 
surge pressure is given by: 


Surge Pressure = 


k w v 


where: w 

v 
g 
0 


gj W (i. + — ) 

''ft E t 


38 N/cm (55 psi) 


3 3 

= 71 kg/m (4.43 lb/ft ), specific weight of LH^ 

= 4.6 m/sec (15 ft/sec) 

= 9.7 m/sec 2 (32.2 ft/sec 2 ) 

= 9996 N/cm 2 (14,500 psi) 


D 

t 

k 

E 


10 cm (4 in.) 

0.05 cm (0.02 in.) 

Unit conversion constant 626 

Modulus of elasticity, 20 x 10 N/cm (29 x 10 psi) 


The stress in the all-metal pressure carrying lines, where t = 0.05 cm 
(0.02 in.), P = 58 N/cm 2 (85 psig) and r = 5 cm (2 in.) is provided by 
the relation: 

S = — = 5860 N/cm 2 (8500 psi). 


The stress in the composite overwrapped lines where t — 0*013 cm 
(0.005 in.) will be 23,400 N/cm 2 (34,000 psi) assuming no structural 
support from the composite overwrap. Comparing these stress levels to 
stress allowables for stainless steel (all-metal lines) and Inconel 718 
(composite lines), it is obvious that handling conditions and not pres- 
sure dictate the line wall thickness. 
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The inner line liner for the composite vacuum jacketed line. Concept 
2, is designed from a possible failure mode consideration, where a liner 
leak would allow a pressure buildup in the vacuum annulus. For this con- 
dition, the vacuum jacket burst disc rupture pressure, 10.3 N/cm 2 (15 psi), 
establishes an external pressure loading on the inner line liner. Assuming 
no structural support from the composite overwrap, the inner line liner 
material thickness may be detetmined by the relation from Roark, Ref. 13: 


Pc = 0.807 


Eh 

Lr 


m 


2 


where: Pc 

L 

v 

r 

t 

E 


2 

Critical collapse pressure, 10.3 N/cm (15 psi) 
Length of tube, 127 cm (50 in.) 

Poisson's ratio, 0.3 
Radius, 5.1 cm (2.0 in.) 

Liner -thickness , cm (in.) 

Modulus of elasticity, 20 x 10^ N/cm 2 (29 x 10^ psi) 


Solving the above equation yeilds a required liner thickness of 
0.058 cm (0.023 in.). It has been demonstrated, however, through work 
done by Johns and Kaufman, Ref. 14, and by Martin Marietta the composite 
overwrapping does substantially improve the buckling strength of thin 
metallic liners. Although test data is limited, preliminary indications 
are that the liner thickness may be determined by multiplying the theore- 
tical thickness by 0.6, yielding a thickness requirement of: 

t = 0.6 (0.058) = 0.035 cm (0.013 in.) 

The composite vacuum jacket liner thickness is determined by using 
the same relationship for critical collapse pressure (P c ) as above where: 
r = 6.4 cm (2.5 in.), L = 3.8 cm (1.5 in.) the distance between convo- 
lves, and P c = 15.2 N/cm 2 (22 psi). Solving for thickness yields: 
t = 0.018 cm (0.007 in.). The composite overwrap factor was not used 
to reduce vacuum jacket thickness, because of the desire to provide 
structural margin for handling. 

Bending Stresses . - An analysis was performed to evaluate the stresses 
induced in the composite line due to bending loads. For this analysis, 
the line was considered as being made up of a series of short, straight 
sections, as shown in the following sketch. 
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For this analysis, point A was assumed to be fixed and a load P 
was applied at point C. The angular deflection of each section was 
determined from the relation: 

A9 - /If dx 

where M (refer to sketch below) = P (R + x COS/3 ) through the limits of 
x = 0 to x = L 
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Point C 



The total deflection (D,j,) of point C for each section was then 
determined from: 

Dj = A 9 Vr 2 + Y 2 at an angle TAN 1 Y/R from the vertical. 

This total deflection was then resolved into the Y and Z components by 
using: 

D z = D t SIN (TAN -1 Y/R) and D y = D T COS (TAN -1 Y/R). . 

From motion analysis the deflection of point C in the Y direction 
was determined to be 2.3 cm (0.9 in.). Since the numerical values of E 
I, R, Y and x are known or can be determined from system geometry, the 
Dy deflections can be expressed in terms of the load added. 

The, load required to produce a deflection of 2.3 cm (0.9 in.) in 
the Y direction was determined to be 10.5 kg (22.8 lb) from: 

£D y « 0.04 (P)= 2.3 cm (0.9 in.) 

The stresses in the liner at section 1 were then determined. The 
stress due to the moment at section 1 is: 

S 1 = Y a = 14,500 N/cm 2 (21,000 psi) 

The stress due to the load is: 



The critical compressive buckling stress S^ c in the liner can be 
determined from: 

S, = 0.3 E (t/r) where: 

DC 

S = Critical compressive buckling stress in axial direction; 

be 

t = Liner thickness; 

r = Liner radius (nominal) ; and 

E = Liner modulus of elasticity. 

For a dry, unpressurized line at ambient temperature, the critical 
buckling stress would be 15,200 N/cm 2 (22,000 psi) which is just slightly 
greater than sum of the stresses due to the moment and the load. 

The results of this analysis show that the stresses in the 10.2 cm 
(4.0 in.) diameter 0.013 cm (0.005 in.) wall Inconel liner would most 
likely cause buckling of the liner in section 1. 

Therefore, the wall thickness of the liner must be increased to 
provide a safe margin between the actual stress and the allowable stress, 
or bellows/gimbals must be added to eliminate the bending stresses. 

Both of these options increase the total weight of the line. However, 
the addition of gimbals to the line provides other advantages, such as: 

1. Allowing for misalignment during installation; 

2. Reducing axial stresses due to cooldown and pressurization; 

3. Reducing vibration loads; and 

4. Reducing handling loads. 
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THERMAL ANALYSIS 


The thermal insulation systems consist of two basic types -- vacuum 
jacketed and multilayer insulation (MLI) . "Wet" or "dry" lines are desig- 
nations given to a feedline depending on the location of the IH 2 tank 
isolation valve (prevalve) . A "wet" line is one in which the prevalve 
is located at the turbopump interface (see Figure 12). A "dry" line has 
the prevalve located at the tank outlet, thereby keeping the line dry 
until engine firing. 

Heat can flow through an insulation system by the simultaneous action 
of several different mechanisms: 


1. Solid conduction through the materials making up the insulation 
and conduction between individual components of the insulation across 
areas of contact; 

2. Gas conduction in void spaces contained within the insulation 
system; and 

3. Radiation across these void spaces and through the components of 
the insulation. 


Because these heat-transfer mechanisms operate simultaneously and 
interact with each other, it is, therefore, useful to refer to an apparent 
thermal conductivity, which is definable analytically or measured experi- 
mentally during steady-state heat transfer and evaluated from the basic 
Fourier equation: 

q - f - V 

where: 


T 


V 


q 

K 

A 

1 

2 

t 


Heat flux through the material 
Apparent thermal conductivity 
Area 

Boundary temperatures 
Thickness of the insulation 


The primary effort in the development of more efficient thermal 
insulation systems is directed toward reducing the different heat transfer 
mechanisms. To aid in these efforts, the effects of variables - solid 
conduction, gas conduction and radiation, on thermal conductivity had 
to be determined. 
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Liquid Hydrogen Feedline Boiloff . - Table XIV lists the liquid hydro- 
gen boiloff of three operational modes: Mode I - Ground operations and 

Modes II and III - Space residency. The boiloff values given represent 
the additional propellant required due to thermal and operational losses. 
Table V presents the timeline used in determination of the total boiloff 
values for a typical Space Tug mission requiring six engine burnes. 

Ground operations. Mode I: Mode I defines the liquid hydrogen boil- 

off during two hours of prelaunch operations. During this time, a ground 
support LH 2 replenish system is active, maintaining the Tug propellant 
tank in a launch-ready, loaded condition. A helium purge within the 
Space Shuttle Cargo Bay will temper the prelaunch 322°K (120°F) wall temp- 
erature so that the Tug feedlines should not exceed 300 K (80°F) on the 
external surfaces, during ground operations. 

It is apparent from Table XIV that the purged MLI lines yield the 
highest losses, because of the convection component of heat transfer in 
the insulation for Mode I. Non- purged MLI-Dry lines exhibit the lowest 
boiloff losses with the composite line showing about a 50% advantage over 
the all-metal line. All MLI insulated lines were assumed to have a 
natural insulation density of 12 layers/cm (30 layers/in.). Concepts 
4 and 5 have the least boiloff losses, because the lines were dry and 
the only heat flux was that due to the axial conduction along the warm 
line to the cold LH 2 tank. 

The LH 2 losses during Mode I are not very significant, due to the 
ground support replenish system. This system replaces any LH 2 boiloff 
up until launch. Therefore, the losses prior to launch are not considered 
as unusable propellant. 

Space residency. Mode II: The feedline configuration for both the 

wet and dry feedline systems are shown schematically in Figure 12. Space 
residency is defined as the total time in space including storage in the 
Space Shuttle cargo bay. Mode II and Mode III define two operational 
modes for the dry feedline configurations during space residency. Figure 
13 depicts the conditions and timelines for the two operational configura- 
tions for the dry feedlines (Concepts 4 and 5). The total boiloff was 
determined for each mode. For Mode II the Ifl- feedline is void of pro- 
pellant for the first 14.7 hours. The Space Tug is in the Space Shuttle 
cargo bay during this time. For the balance of the mission, 31.86 hours, 
the feedline is full of propellant. 

Table XIV, Boiloff Values for Mode II, shows the non-vacuum jacketed, 
dry, MLI insulated composite line. Concept 5, with the lowest LH 2 loss. 

It is closely followed by the similar but all-metal feedline. Concept 4. 
The MLI, Wet lines. Concepts 3 and 6, will of course, exhibit a higher 
T.H ^ boiloff over the dry lines, because of the added time (14.74 hours) 
of having LH 2 in the line. Line chilldowns are not required of the wet 
lines and this can be as much as a 3.8 kg (8.3 lbs) advantage. The vacuum 
jacketed lines suffer from the solid conduction element of heat transfer 
contributed by the standoffs and end closures. It is to be noted that 
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the radiation shields reduced the overall I hoiloff by 467o in the case 
of the metal lines. The boiloff of the composite line was reduced 121 
with the addition of eight radiation shields. This reduction was possible 
because of high emissivity differential between radiation shields and 
the bare overwrap. 

Space residency. Mode 111: Mode 111 synchronizes the prevalve actua- 

tion (opening and closing) with that of the engine valve. After each engine 
firing, the line would be vented to space, resulting in the feedline being 
void of any propellant between engine firings. The time required for the 
empty feedline to return to ambient temperature was calculated to be 2 to 7 
hours. Therefore a complete LKL line chilldown and fill is required prior 
to the next engine firing. The venting of the feedline after each engine 
firing accounts for more LH loss than that of the heat flux, due to engine 
soak-back (see Mode II). Again, the composite line exhibits the lowest Ifl 2 
boiloff. Engine soak back was insignificant and, therefore, not included. 

Heat transfer by engine to feedline: The engine thermal effects are 

shown in Figures 14 and 15. Liquid hydrogen boiloff due to engine heat 
transfer is shown in Table XIV. The heat input to the dry feedline is a 
function of the L/D and the engine temperature. The feedline is 10.2 cm 
(4.0 in.) diameter stainless steel with a wall thickness of 0.051 cm 
(0.020 in.). Since the length of the dry section is greater than 73.7 cm 
(29.0 in.) and the turbopump to feedline interface temperature is 278 K 
(40°F), the heat flux is about 3.81 watts (13 Btu/hr). Both radiation 
and conduction modes of heat transfer were considered. 

Vacuum Jacketed Insulation Systems . - The vacuum jacketed cpncept 
consists thermally of an inner line, an outer concentric vacuum jacket, 
flexible joints, standoffs, 8 radiation shields and end closures. For 
Concept 1 the inner line and the vacuum jacket are of an allrmetal design 
and Concept 2 uses a composite tubing design for both the inner and outer 
line. The main advantage of vacuum jacketed insulation is the low heat 
flux during ground operations in a wet configuration. The disadvantages 
are increased weight and increased operations required for vacuum main- 
tenance of the vacuum annulus. 

Vacuum jacketed line thermal analysis: A heat flux analysis of the 

vacuum jacketed line concepts was performed and the results are shown in 
Tables XV and XVI. Thermal performance is given for environments of 
one-G at 300°K (80°F) and space residency at the following conditions: 

Thermal coated lines during Tug operation 
Lines during Tug storage in Space Shuttle 
Lines during Tug storage in Space Shuttle 

lines with and without radiation shields. 


256 K (0 F) 

322 K (120 F) 
367°K (200°F) 

Data is provided for 
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Heat transfer between the environment and the feedline occurs by 
radiation through the vacuum annulus, by conduction through nonconden- 
sible gases in the annulus and by conduction through standoffs, flexible 
joints, and end closures. Radiation transfer through the vacuum jacket 
is determined primarily by the emissivity and temperature difference of 
the enclosure surfaces. In this analysis, the annular spacing is small 
relative to the line radius, because of the shields, and the effective 
emissivity for radiation transfer is essentially independent of the 
annular spacing. 

The mechanism for steady-state radiation transfer through a vacuum 
jacket containing several radiation shields can be considered in terms 
of two conductances in series; one through the radiation shields next to 
the inner wall (1) and the other between the outer radiation shield (2) 
and the vacuum jacket (3), as shown in Figure 6. 


The effective emmittance for these series conductances is: 

7 = , e 12 e23/( 4 12 + e 23) - with radiation shields, or 

7 = — — 7—— ,, . -r - - without radiation shields 

l/ 4 t + A 1 /A 3 (1/ € 3 + 1) 


9 


where e is the overall effective emittance. 


e 12 is the effective emittance through the shield blanket and 
4 23 is the gap emittance. 

For a gap thickness which is small relative to the line radius, 
the gap emittance can be expressed in terms of the emissivities of sur 
faces 2 and 3 by the relation: 

€ 23 = (« 2)(c 3 )/( 4 2 + « 3 - e 2 e3) 


Emissivities of the vacuum jacket components were taken as: 

) 


= (0.10 (metal) 

= \0.80 (composite) j 


- Inner Line 


then, 


e = 0.025 (radiation shields) 

t 3 = 0.20 (vacuum jacket) 


e 23 


= 0.0227 


For multiple radiation shields all having the same emissivity (« 2), 
the blanket emittance is approximately: 


4 12 = 


for 


*2 
e 12 


4 2/N(2 - 
0.025 
0.0126/N 


4 2 ) 
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Therefore, eight radiation shields will result in a vacuum jacket 
effective emissivity, T of 0.00147 for both metal and composite lines. 

It should be noted that the effective emissivity is largely dependent 
on the radiation shield emissivity for vacuum jackets incorporating 
radiation shielding. 

The effective emissivity of the metal and composite lines without 
radiation shields is 0.0758 and 0.225 respectively. The emissivity of 
the composite line can be reduced through the usage of thermal coatings. 

The radiation component of heat transfer was derived from the class- 
ical Stefan Boltzmann equation. Radiation heat flux involving the deter- 
mination of net heat transferred between surfaces in a vacuum, separated 
by a non-absorbing medium, is given by the following expression: 

- Z rA 2< T 3 4 * T l 4) 

The presence of noncondensible gases, such as or H 2 , in the 
vacuum jacket under operating conditions can contribute to the total heat 
transfer rate by gaseous conduction. The gas conductivity can be reduced 
by decreasing the jacket pressure to the point where the mean free path 
is greater than the system dimension. For a 1.27 cm (0.50 in.) gap thick 
ness (vacuum annulus without radiation shields), the noncondensible gas 
pressure must be less than 0.015 torr in order to reduce the gas con- 
ductivity below that existing at a pressure of 1 atmosphere. In the rare 
fied gas region below 0.015 torr, the gaseous heat transfer coefficient 
(h) is roughly proportional to the gas pressure for the specified temp- 
erature boundaries. For hydrogen, h = 596.2 x pressure in torr. Watt/ 
m 2 * K (h = 105 x pressure torr, Btu/hr-ft 2 -°F) and the free molecular 
gas conduction rate is approximately h = 165,632 x pressure in torr. 
Watt/m 2 (52,500 x pressure in torr, Btu/hr-ft 2 ) for a 278°K (500°R) 
temperature difference across the vacuum jacket. To maintain the gas- 
eous conduction rate at a value less than an acceptable allowable for 
a LH 2 line, 94.7 W/m 2 (30 Btu/hr-ft 2 ), the noncondensible gas pressure 
(resulting from Ho or helium leakage into the vacuum annulus) must be 
less than 6 x 10“^ torr. The noncondensible gas pressure must be less 
than 1 x 10 - ^ torr to reduce the gas conduction rate to a value below 
16.7% of the total allowable. In this analysis the vacuum annulus pres- 
sure was assumed to be less than 10~5 torr. Therefore, heat transfer 
due to gas conduction was considered negligible. 

The expression for the conductive component of heat transfer through 
the vacuum jacket standoffs and end closures is given by the following 
expression: 

UA(T 3 - T x ), where: 

_1 

x/KA 

Finally, the total heat flux of a vacuum jacketed line is the sum- 
mation of the heat transfer due to radiation and conduction. Total heat 
flux=q R +q c . 


q c = 
UA = 
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Multilayer Insulation Systems . - The multilayer insulation consists 
of 30 layers of 0.000635 cm (0.00025 in.) double-aluminized mylar radia- 
tion shields (Superfloe) separated by low-conductive flocked tufts of 
Dacron fibers. The tufts, arranged triangularly, provide positive spacing 
of the radiation shields, thus providing a direct path for interstitial 
gases, during purging, evacuation (ascent) and repressurization (descent), 
and to reduce the heat transferred from shield to shield by solid con- 
duction. Solid conduction accounts for approximately 10% of the apparent 
conductivity of the insulation material. The gas in the space between 
the shields is expelled during ascent to decrease the conduction by gas 
molecules. The MLI was verified during compression and recovery tests, 
to recover up to 94%. This indicates that the method of spacing with- 
stands mechanical compression during manufacturing or high g-loads 
during Shuttle boost, without deterioration of thermal performance. 

Other features of the MLI are high strength, density control, good 
gas absorption/outgassing characteristics and integral spacer material 
with radiation shields achieving the lowest weight density versus conduct- 
ivity rating. 

MLI Thermal Analysis . - The thermal performance of the MLI was deter- 
mined for both purged (wet). Concepts 3 and 6, and unpurged (dry). Con- 
cepts 4 and 5, MLI systems. Equilibrium heat flux values are presented 
in Table XVI. In multilayer insulations, the principles used to obtain 
more effective evacuated insulations were used recognizing the importance 
of radiation heat transfer once the mechanisms of gas conduction and 
solid conduction have been reduced. In this insulation, radiation shields 
of low emittance (0.025) are separated by spaces of low conductivity (less 
than 10% of the overall apparent conductivity) and are exposed to the high 
vacuum of deep space. In an idealized assembly of radiation shields, 
radiation is directly proportional to the emittance of the surfaces and 
inversely proportional to the number of - radiation shields between the 
two temperature boundaries. In practical MLI systems, radiation heat 
transfer between two radiation shields involves complex interactions 
between the reflective properties of the radiation shield and the adsorp- 
tion and scattering properties of the spaces. Because of the complexity 
of the heat transfer phenomena, data obtained from laboratory tests are 
essential in predicting the thermal performance. Figure 16 shows the 
relationship of MLI apparent thermal conductivity versus density [(lasers/ 
cm(in. )] , as exhibited in tests over the range of 300°K to 78°K (540 R 

to 140°R) . ( 

The performance of the MLI in the actual installation will be affected 
by the following variables: 

1. Applied compressive loads; 

2. Gas pressure within the MLI; 

3. Flow passages permitting outgassing; and 

4. Temperatures of the warm and cold boundaries. 


32 



Compressive loads, either those caused by atmospheric pressure or 
those developed during application of MLI, reduce overall insulating 
effectiveness. External forces such as tension applied during wrapping 
of the MLI around the feedlines, thermal expansion or contraction of the 
insulation mylar purge covering, and localized loads in the vicinity of 
the feedline support, can compress the insulation.. These compressive 
loads may be in the range from 0.0069 to 0.69 N/cm (0.01 to 1 psi). 

When compression up to 1.38 N/cm 2 (2 psi) is applied, the apparent 
thermal conductivity is about 200 times greater than the no-load condi- 
tion [ natural density of 12 layers/cm (30 layers/in.)]. 

Figure 17 relates the apparent thermal conductivity to the gas pres- 
sure in the MLI. At pressures below 10" 5 torr, the heat transferred by 
a gas is directly proportional to the gas pressure and density. However, 
the heat conducted by a gas at that pressure is only a small portion of 
the total heat transferred through the insulation. Therefore, the appar- 
ent thermal conductivity of the multilayer insulation decreases only 
slightly at pressures below 10“ 5 torr and heat transfer is by solid con- 
duction within and through the components of the MLI and by radiation 
across the voids and through these components. 

To assure that the MLI will operate at the desired low pressure, the 
interstitial gas caused by outgassing has to be evacuated through the 
edges of the insulation. Because of the positive separation, 0.089 cm 
(0.035 in.) between the radiation shields, rapid evacuation is possible. 
Tests have indicated that the proposed MLI will reduce a pressure of 2 
torr within the layers to 10“^ torr within 5 minutes in a vacuum chamber 
environment of 10 “ 5 torr. This method of venting is preferred over 
penetrations in the MLI which can cause an increase in heat flux as much 
as 278% for 0.32 cm (1/8 in.) holes, Ref. 15. 

Effects of boundary temperatures on apparent conductivity are shown 
in Figure 18 of a typical MLI (Ref. 15). The one that represents a cold- 
boundary temperature of 21°K (-423°F) indicates a lower thermal conductivity 
than the one representing a cold-boundary temperature of 77°K (-320 F) . 

The equations and assumptions used in calculating the heat flux 
values for MLI systems are presented in the following paragraphs. Heat 
f 1 iiy values were computed for both metal and composite feedlines, however, 
there is no appreciable difference for filled LH 2 lines in a space envir- 
onment between the two concepts. A delta does exist during Space Shuttle 
storage, when the Tug feedlines are dry. The heat transfer from a "warm" 
feedline to the tank is approximately 50% more for the metal line than it 
is for the composite line. The heat flux, prior to launch, is consider- 
able for the "wet" purged MLI line, because of the helium purge required 
to maintain the insulation free of moisture and contaminants. The space 
heat flux values for wet MLI lines were increased by approximately 800% 
to account for previously mentioned variables of the MLI apparent thermal 
conductivity. 
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One G environment, purged, wet MLI analysis: Natural convection was 

assumed in the MLI annuli and external surface of the purge bag. Film 
coefficients, hjj and hp used were 17.6 to 5.7 W/m2-°K (3.1 and 1.0 Btu/ 
hr-ft^-°R) respectively. End losses were considered negligible, because 
the line length is greater than 10 times the line diameter. The external 
purge bag temperature, Tp, was assumed to be 300°K (80°F) . The expression 
for the heat transfer rate from the LH 2 in the feedline through the MLI 
and helium to the surrounding ambient medium is given by: 


q = l%(T p - T t ) 


where : 


U = 


- — 1 — £ — 1 — - 
^ ^He h p 


for metal and composite lines. 


^ - mil area, m 


2 o. 


hjj = Film coefficient within MLI, Watt/m - K 

h = Film coefficient of purge bag exterior, Watt/m^-°K 
P 

= Helium conductivity, Watt/m-°K 
q = Heat flux, Watts 

t = Thickness of MLI, m 

Tp = Purge bag exterior surface temperature, °K 


T^ = Inner line temperature, K 


2 o T: 


U = Overall transmittance. Watt/m - K 

The thermal conductivity of helium, K^ e was assumed to be 0,095 
Watt/m- °K (0.055 Btu/hr-ft-°F) . 


One G environment, dry MLI analysis: Heat flux equations used were 

typical of those used in analyzing the heat flux from insulated feedline 
end sections (see space environment dry MLI analysis). Exterior surface 
temperatures were assumed to be 300°K (80°F) . The only heat flux considered 
was that of the warm feedline interfacing with the LH 2 tank prevalve. 

Space environment, purged, wet MLI analysis: High emissivities of 

the Tug and Space Shuttle structural surfaces will dictate a feedline 
surface temperature, Tp equivalent, to the internal Shuttle cargo bay 
temperature 367°K (200°F) during storage. During the Space Tug mission 
the surface temperature was assumed to be 256°K (0°F) because of thermal 
coatings on the feedlines. Apparent thermal conductivity of the MLI 
includes both heat transfer components of radiation and solid conduction. - 
Gas conduction was considered negligible with a MLI annulus pressure less 
than 10“ 5 torr. Heat flux is given by the typical Fourier expression: 


34 



< = W T P-V 

5i 

Si o 

MLI apparent thermal conductivity, W/m- K 

t = MLI thickness in direction of heat flux, m. 

M 

Space environment, dry MLI analysis: This analysis deals with the 

axial thermal conduction through flanged or welded line connections 
attached to both composite and all-metal lines. The lines are insulated 
with MLI under both vacuum and helium purge conditions. The heat flux 
values calculated represent the heat transfer from the warm, dry line to 
the LH 2 propellant tanks. See Figure 19 for the configuration of the 
axial heat transfer configuration for a warm line to a cold line. 


where 

Si " 

*M = 


Axial conduction of the glass-fiber overwrap is considered negli- 
gible relative to that of the metal liner. The MLI annulus pressure, 
during space residency, is considered to be less than 10"-* torr. The 
prevalve provides the LH 2 isolation required between the warm and cold 
lines. 

The steady state axial heat conduction in a symmetrical fin immersed 
in a constant temperature environment is described by the differential 
equation: 

(d 2 t/dx 2 ) = (V k i t i )(T x ' V = 0 


for which the general solution is 


(T - T ) = A sinh (mx) + B cosh (mx) 
x p 


where: 

m = 

m = 
where J 

"He = 

T = 
x 

A = 
B = 


vvvr 


for space residency 
for ground purge 


— and U = 
t He 

Line temperature at joint, X = L 
Constant of integration 
Constant of integration 


Si 
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When subject to boundary conditions of: 

1 ) KjCt^ (dt/dx) L = (HA)(T L - T i ) at x = L x 
and 

2) (dt/dx) = 0 at x = 0 

the heat conduction rate in the line at x = L x is 

(HA) (Tp - T i ) 

^ 1 + [ (HA) /mKjC^ coth (mL x )] 


For the alternate boundary condition of 2): 


T = T at x = 0 
x p 

the heat conduction rate at x = L x is 


(HA) (T - T.) 


1 + [ (HA)/mK L Ct L tanh (mL x )] 


Under conditions that (mL x )>2, both coth (ml^) and tanh (ml^) are 
approximately equal to 1, and the heat conduction rate for both sets of 
boundary conditions approaches: 



(UA)(t p - t ± ) 

(HA) (mKjCt^ 
(HA) + (mK^Ct^) 


The end fitting resistance is made up of two conductances in series; 
the conductance through the metallic structure and the contact conductance 
between bolted flanges. The conductance through the metallic structure of 
the end fitting is given by: 



where subscript (F) refers to end fitting. 

The joint contact conductance (HA)q is estimated to be the product 
of a contact coefficient of 568 W/m 2 -°K (100 Btu/hr-f t 2 -°F) and the contact 
area of 0.01 m 2 (0.109 ft 2 ) or 5.8 W/m-°K (10.9 Btu/hr-°F) . 
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The end fitting effective conductance for the two bolted flanges is 

then: 

_ (HA) (HA) 

(BA) - ±~ 

(HA) f + (HA) C 

In these cases, the contact resistance of a bolted joint is negli- 
gible relative to the resistance in a stainless steel flange, but it 
could be roughly equal to the thermal resistance through an aluminum 
flange. The heat flux values calculated are shown in Tables XV and XVI. 
Values for the axial length (X = L) of line downstream of the cold fitting 
interface were 2.6 m (8.5 ft) and 4.7 m (15.5 ft) for the composite and 
all-metal line respectively. 
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WEIGHT AND COST ANALYSIS 


Weight Analysis . - The weight of each feedline design concept, de- 
picted by the drawings in Appendix A, was calculated and is presented 
in Table" XVII. 

As noted in Table XVII, the wet concepts may require a recirculation 
and purge system, depending upon the selected propulsion system concept. 
One cryogenic propulsion system, being studied, circulates cold hydrogen 
boiloff gases through the engine rather than use a closed loop recircula- 
tion system. This concept would not require a recirculation system. If 
required, the recirculation and purge systems would add approximately 
5.2 kg (11.3 lb) to the total weight of the wet feedlines (Concepts 1, 2, 

3 and 6) . 

The following conclusions are drawn from the weight analysis: 

1. The vacuum jacketed concepts are significantly heavier than the 
non-vacuum jacketed concepts. The composite vacuum jacketed feedline is 
28 percent lighter weight than the all-metal vacuum jacketed line. 

2. The composite non-vacuum jacketed concepts are approximately 
26% lighter weight than the all-metal non-vacuum jacketed concepts. This 
percentage is based on total line weight. The composite line is 42% 
lighter weight if only the bare line weight is considered, i.e., gimbals, 
flanges and insulation are excluded from the weight calculations. 

3. Concept 5, Non-Vacuum Jacketed Composite (Dry-MLI) , is the light- 
est weight concept, weighing 10.3 kg (22.6 lb). Concept 6, Non-Vacuum 
Jacketed Composite (Wet-Purged MLI) is only 0.5 kg (1.3 lb) heavier, but 
may require the addition of a recirculation and purge system of approx- 
imately 5.2 kg (11.2 lb) . 

Cost Analysis . - The producibility costs including labor and material 
were determined for the six feedline concepts, see Table XVIII. The costs 
shown are unit costs based on a quantity of twelve feedline assemblies. 

The costs do not include design, qualification and acceptance testing. 

The design costs would be somewhat higher for the composite feedlines 
due to the additional processes required. This added cost, however, 
would be very minor. The qualification and acceptance requirements for 
the composite and all-metal configurations should be the same, these 
costs, however (qualification and acceptance), will be higher for the 
vacuum jacketed feedlines than the non- vacuum jacketed concepts. 
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The feedline assembly costs gain significance when the costs and 
weight are compared for the various design concepts. For example, com- 
pare the lightest weight feedline. Concept 5, with the baseline config- 
uration, Concept 3: 


Feedline Weight Feedline Cost 

ke (lb) ($) 

Concept 5: 10.3 (22.6) 24,400 

Concept 3: 14.6 (32.2) 20,500 

Delta: -4.3 ( 9.6) + 3,900 


Concept 5 saves 4.3 kg (9.6 lb) of weight for an additional cost 
of $3,900. The cost for a pound of weight saved by the composite LH 2 
feedline is $907/kg ($406/lb). This is a very attractive value for 
the Space Tug where the cost per kg (lb) may be several thousand dollars. 

Weight Reduction Potential for Other Systems . - The use of com- 
posite lines provides potential for additional weight savings when 
all the propulsion systems are considered. An indication of the total 
weight that may be saved by the use of composite lines is provided by 
a preliminary evaluation of the other systems. 

Estimated All- 
Metal Weight, 


Propulsion Systems kg (lb.) 

GH 2 Vent, 7.6 cm (3.0 in.) dia. by 330 cm (130 in.) long. . 4.0 (8.9) 

GH« Zero-G Vent Line, 1.3 cm (0.5 in.) dia. by 330 cm 

. (130 in.) long 0.7 (1.5) 

T.H Abort Pressurization, 2.5 cm (1 in.) dia. by 330 cm 

(130 in.) long 1*3 (2.9) 

LH- Fill/Drain/ Abort Dump, 15.2 cm (6.0 in.) dia. by 

1 203 cm (80 in.) long 4.9 (10.9) 

G0 2 Vent, 7.6 cm (3.0 in.) dia. by 163 cm (64 in.) long . . 2.0 (4.4) 

LQ Fill/Drain/ Abort Dump, 12.7 cm (5.0 in.) dia. by 

163 cm (64 in.) long 3.3 (7.3) 

L0„ Abort Pressurization, 2.5 cm (1.0 in.) dia. by 127 cm 

2 (50 in.) long 0.5 (1.1) 

L0 2 Feedline, 6.4 cm (2.5 in.) dia. by 89 cm (35 in.) long. 0.9 (1.9) 

TOTAL: 17.6 (38.9) 
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The estimated weight for the propulsion systems listed above are 
based on the use of 0.06 cm (0.025 in.) thick wall stainless steel 
tubing. Assuming that composite tubing would reduce the weight of all- 
metal tubing by 42% (as is the case with the LH 2 feedline) an additional 
7.4 kg (16.3 lb) potential weight savings exists. Thus, it is concluded 
that composite tubing should reduce Space Tug propulsion system weight 
by 11.7 kg (25.9 lb), if LH feedline weight savings are added to the 
weight savings for the other systems. 

System Weight Considerations . - To consider the total system weight 
resulting from each of the various feedline concepts the propellant 
losses must also be considered. These losses were defined earlier in 
the thermal analysis section and are combined with the feedline weight 
in the system evaluation summary discussed later. 
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RELIABILITY AND REUSABILITY EVALUATION 


A comparison of each of the design concepts from a reliability as- 
pect was made by performing a failure modes and effects analysis (FMEA), 
see Table XIX* The analysis included determining the failure modes, the 
potential method of failure detection, the impact of failure on the 
propulsion system and on the Space Tug mission, the most probable cor- 
rective action required and the recommended procedure for failure pre- 
vention, for each feedline assembly component. 

The negative features applicable to each of the design concepts, 
as indicated by the FMEA, are summarized in Table XX. 

An evaluation of the FMEA and the negative features indicates that 
Concept 5, Non- Vacuum Jacketed Composite (Dry-MLI), is the superior con- 
figuration from a reliability standpoint because: 1) There are fewer 

components to fail; and 2) the consequence of potential failures result 
in less impact on the propulsion system and the Space Tug mission. 

A relative reliability ranking of the concept configurations in 
order of desirability is: Configuration 5, 4, 6, 3, 1 and 2. The 
order of Configurations 1 and 2 would be reversed, if only the vacuum 
jacket is overwrapped, using a conventional all-metal inner line. 

The key considerations for feedline reusability are damage suscepti- 
bility, vacuum maintainability, and repairability . The feedline concepts 
are compared on the basis of these considerations in Table XXI. The com- 
posite vacuum jacketed and non-vacuum jacketed concepts are considered 
less susceptible to damage than the all-metal lines. The non- vacuum 
jacketed concepts should require less maintenance than the vacuum jacketed 
feedlines because of the problems associated with vacuum maintainability. 
The installed repairability of the MLI insulated feedlines should be 
equal, except the dry configurations have fewer components than the wet 
configurations. It is, therefore, concluded that Concept 5, Non- Vacuum 
Jacketed Composite (Dry-MLI), should be the most desirable based on 
reusability and maintainability aspects. 
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SYSTEM EVALUATION SUMMARY 


A comparison of the six design concepts from a Space Tug System 
aspect is provided in Table XXII. The total system weight was determined 
by adding the feedline hardware weight and the weight of LH^ boiloff 
losses. The boiloff losses reflect the results of the thermal analysis 
and the optimum systems operational modes considered. The different 
operational modes had a significant effect on the dry feedline concepts. 
The operational mode resulting in the least boiloff is Mode II, for which 
the prevalve remains open after the initial engine firing. 

Considering the combined feedline weight and the weight of propel- 
lant lost due to boiloff, feedline Concept 6, consisting of a non-vacuum 
jacketed, composite feedline with purged multi-layer-insulation and the 
prevalve located at the engine (wet), offers the least weight system. 

It is noted, however, that the wet feedline concepts may require a 
recirculation and purge system which would add 5.1 kg (11.2 lb). If 
this were the case, then Concept 5, Non- Vacuum Jacketed Composite (MLI- 
Dry) would provide the least weight system. Concept 5 also shows the 
highest desirability from reliability, reusability and maintainability 
aspects. Concept 4 shows the lowest producibility costs. The difference 
in costs, however, between the non-vacuum jacketed concepts is considered 
insignificant. 

It may be assumed that system considerations, other than feedline 
boiloff losses, will ultimately determine the issue of a "wet versus 
dry" feedline configuration, and also the MLI design. Then the key 
issue is what are the advantages of composite versus all-metal feed- 
lines. When this comparison is made of like designs, the composite 
feedline saves hardware weight and propellant weight in every case. 

This comparison is made as follows: 




FEEDLINE 

BOILOFF 




FEEDLINE DESIGN CONCEPT 

WEIGHT 

WEIGHT 

TOTAL 



kg ( lb ) 

kg Qb) 

kg 

1 W._ 

1. 

Vacuum Jacketed Metal (Wet): 

29.4 

(64.9) 

35.6 

(78.6) 

65.0 

(143.5) 

2. 

Vacuum Jacketed Composite (Wet): 

21.3 

(46.9) 

35.0 

(77.3) 

56.3 

(124.2) 


Weight Saved by Composite Design: 

8.1 

(18.0) 

0.6 

( 1.3) 

8.7 

( 19.3) 

3. 

Non- Vacuum Jacketed Metal 

14.6 

(32.2) 

3.6 

( 8.0) 

18.2 

( 40.2) 


(Purged MLI - Wet) : 







6. 

Non-Vacuum Jacketed Composite 

10.8 

(23.9) 

3.0 

( 6.7) 

13.8 

( 30.6) 


(Purged MLI - Wet): 








Weight Saved by Composite Design: 

3.8 

( 8.3) 

0.6 

( 1.3) 

4.4 

( 9.6) 

4. 

Non- Vacuum Jacketed Metal 

14.1 

(31.0) 

6.2 

(13.8) 

20.3 

( 44.8) 


(MLI - Dry): 







5. 

Non-Vacuum Jacketed Composite 

10.3 

.■(22.6 1 

4.1 

LU1 

14.4 

( 31,J1 


(MLI - Dry) : 

Weight Saved by Composite Design: 

3.8 

( 8.4) 

2.1 

( 4.7) 

5.9 

(13.1) 


In summary, the composite design for the LH^ feedline will save from 4.4 
kg (9.6 lb) to 8.7 kg (19.3 lb) depending upon the design selected. 
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CONCLUSIONS, POTENTIAL BENEFITS AND RECOMMENDATIONS 


Several conclusions and potential benefits to the Space Tug vehicle 
are evident from the analyses included herein. A feedline design concept 
is recommended for further evaluation. 

Conclusions . - The conclusions which can be made from the Task I 
studies and analyses are summarized as follows: 

1. The Space Tug design conditions and physical configurations are 
not yet firmly established. The design parameters and the configuration 
selected for the development of composite feedlines should provide the 
flexibility necessary to meet all future requirements. 

2. S -Glass or graphite are the two most promising overwrap materials. 
The final selection should be based on system sensitivity to weight, as- 
summing dificulties are not encountered in the application of the overwrap. 
The final selection of the overwrap material should be delayed until after 
the overwrap of the subscale test specimens is complete. 

3. The addition of radiation shields in the vacuum annulus of the 
vacuum jacketed lines significantly reduces the effective emissivity. 

Eight radiation shields will eliminate 98.17o of the heat flux due to 
radiation. The solid conduction component of heat transfer through the 
radiation shields is less than 0.67o of the total heat flux for the vacuum 
jacketed feedline. 

4. Propellant boil-off losses for the vacuum jacketed feedlines 
are significantly reduced by thermally optimized standoffs and end 
closures. 

5. The development of dissimilar metal joints shows promising re- 
sults. When fully developed, dissimilar metal joining techniques will 
provide the capability of using lightweight aluminum flanges with light- 
weight composite tubing. 

6. All metal or composite feedlines which are exposed to solar 
radiation and not covered with insulation should be thermally coated 
to reduce line surface equilibrium temperature. 

7. Feedline wall thickness will be dictated based upon handling 
and/or manufacturing limitations. System design pressures and antici- 
pated external loads will not add to these wall thicknesses. 
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8. The vacuum jacketed feedline configurations are more thermally 
efficient for ground operations and are less thermally efficient during 
the space mission than the feedlines insulated with MLI. Because the 
LH tank is topped until launch the boil-off losses which occur prior 
to^launch are not significant to the mission. 


9. The feedline operational mode may be influenced by system con 
siderations other than propellant boil-off. However, propellant boil- 
off losses are reduced by the use of composite tubing for all design 
configurations compared with' an all-metal feedline. 

10. The vacuum jacketed feedline weight is approximately double 
the weight of the non- vacuum jacketed concepts. 


11. The composite design with dissimilar metal flanges for the 
LH feedline will save from 4.4 kg (9.6 lb.) to 8.7 kg (19.3 lb.) 
depending upon the design concept selected. An additional 7.4 kg 
(16.3 lb.) can be saved by the use of composite lines for the other 
Space Tug propulsion systems. 


12. The design Concept 5 - Non-Vacuum Jacketed Composite (Dry- 
MLI), provides the most desirable configuration from reliability, re- 
usability and maintainability aspects because: 1) composite tubing 

provides superior damage resistance; 2) there are fewer components to 
fail; and 3) the consequence of potential failures result in less impact 
on the propulsion system and on the Space Tug mission than the other 
design concepts. 


Potential Benefits . - The use of composite tubing in the Space Tug 
propulsion system will improve thermal efficiency and reduce overall 
system weight at a very small increase in cost. It is estimated that 
the Space Tug propulsion system weight can be reduced by 11.7 kg 
lb.) which is a 36% weight reduction. The additional cost of composite 
tubing over all-metal tubing is minor for space vehicles where minimum 
weight is extremely important. The cost per kg (lb.) for the Space Tug 
has been estimated in the thousands of dollars. Analysis shows that 
the cost per kg (lb.) of weight saved by the use of composite tubing m 
the Space Tug propulsion system is $907/kg ($406/lb.). In addition, 
the thermal analysis shows that composite tubing will reduce the quantity 
of non-usable LH , due to boil-off losses, by 0.6 kg (1.3 lb.) to 2.1 kg 
(4.7 lb.) depending upon the system configuration. 


Composite tubing should also provide a more reliable and maintenance 
free feedline system than the all-metal design because of the superior 
damage resistant characteristics of composites. 


Recommendations. - It is recommended that feedline design. Concept 
5 be selected for further evaluation by fabricating and testing four 
LH feedline assemblies, consisting of three composite and one all-metal 
configurations. This will provide a direct comparison of fabrication, 
cost, and performance characteristics of the composite and all-metal 

feedlines . 
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TABLE I.- CRYOGENIC FEEDLINE DESIGN CONDITIONS 


CONDITION 

LH 2 line 

Operating Pressure 

20.7 N/cm 2 (30 psia) 

Proof Pressure 

41.4 N/cm 2 (60 psia) 

Burst Pressure 

62.1 N/cm 2 (90 psia) 

Diameter 

10.2 cm (4.0 in.) 

Flow Rate 

2.72 kg/sec (6.0 lb/sec) 


TABLE II.- SHUTTLE PAYLOAD LOAD FACTORS 


CONDITION 

AXIS 1 

X(g) 

Y(g) 

Z(g) 

Launch 

1.4 

t 1.6 

t 1.0 

t l.o 

High-Q Booster Thrust 


t 1.0 

0.8 
+ 0.2 

End Boost (Booster Thrust) 3 

3 ± 0.3 

t 0.6 

! 0.6 

End Burn (Orbiter Thrust) 

3 t 0.3 

t 0.5 

t 0.5 

Orb iter Entry 

- 0.5 

1 1.0 

1 

- 3.0 

t 1.0 

Orbiter Flyback 

- 0.5 

1 

t 1.0 

t 1.0 

‘ - 2.5 

t 1.0 

Landing 

- 1.3 

+ 0.5 

- 2.7 

t 0.5 


3 Excludes booster-orbiter separation loads 


TABLE III.- SHUTTLE CARGO BAY INTERNAL WALL TEMPERATURE ENVIRONMENTS 


CONDITION 

TEMPERATURE K (°F) 

Minimum 

Maximum 

Pre launch 

200 (-100) 

322 (120) 

Launch 

200 (-100) 

367 (200) 

On Orbit (Door Closed) 

200 (-100) 

367 (200) 

Entry and Post Landing 

200 (-100) 

367 (200) 
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TABLE IV.- ORBITER PAYLOAD COMPARTMENT INTERNAL ACOUSTIC DESIGN 
CRITERIA SOUND PRESSURE LEVEL (dB) - 10‘ 5 N/m 2 


1/3 Octave 

Center Band Frequency 

<V 

Liftoff 

Boundary Layer 

5 

124 

124.5 

6.3 

127 

125.0 

8 

128 

126.0 

10 

129 

126.5 

12.5 

131 

127.0 

16 

132 

128.0 

20 

134 

128.5 

25 

135 

129.0 

31.5 

137 

130.0 

40’ 

138 

130.5 

50 

139 

131.0 

63 

140 

132.0 

80 

141 

132.5 

100 

143 

133.0 - 

125 

144 

134.0 

160 

145 

134.5 

200 

145 

135.5 

250 

145 

136.0 

315 

144 

136.5 

400 

143 

137.0 

500 

142 

137.5 

630 

141 

138.0 

800 

140 

138.5 

IK 

139 

138.0 

1.25K 

138 

137.0 

1.6K - 

137 

136.5 

2K 

135 

135.5 

2.5K 

134 

134.5 

3.15K 

133 

134.0 

4K 

132 

133.0 

5K 

131 

132.0 

6.3K 

130 

131.0 

8K 

129 

130.0 

10K 

128 

OASPL155 dB 

129.0 

0ASPL149 dB 
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Reference: Space Tug Systems Study NAS8-29676. DATA DUMP General Dynamics/ 

Convair Aerospace Division, 18 September 1973 











TABLE VI.- CANDIDATE COMPOSITE PROPERTIES 
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Note: Values for modulus of elasticity and thermal coefficient of expansion are for axial 

direction with respect to the tube centerline, ie«, transverse to the fibers for the 
hoop overwrap and parallel to the fibers for the longitudinal overwrap 




TABLE VII.- SUMMARY -EVALUATION OF HIGH MODULUS COMPOSITES 
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TABLE VIII.- VACUUM JACKETED LINE SURFACE EMISSIVITIES 


Material 

Tetnp.K (°F) 

Surface Finish, m- cm, (M- in.) 

6 

Reference 

SS 17-7 PH 

83 (-310) 

5 (2) 

0.022 

i 


83 (-310) 

38 (15) 

0.044 

i 

SS 321 

83 (-310) 

Bright 

0.044 

i 


83 (-310) 

5 (2) 

0.036 

i 


83 (-310) 

15 (6) 

0.111 

i 


83 (-310) 

15 (6) 

0.155 

i 



Oxidized in air at reduced 





heat for 30 minutes 



SS 316 

83 (-310) 

5 (2) 

0.027 

i 


83 (-310) 

38 (15) 

0.045 

i 

SS 301 

300 (80) 

Cleaned 

0.160 

Measured * 

Inconel B 

89 (-299) 


0.180 

2 


139 (-209) 


0.205 

2 


364 (195) 


0.230 

2 

Inconel X 

98 (-284) 


0.200 

2 


151 (-90) 


0.240 

2 


372 (210) 


0.230 

2 

Inconel 718 

300 (80) 


0.230 

Measured * 


Reference 1. WADC TR-56-222, Pt II, Pg 1-184, 1957 

Betz, H. T., Olson, 0. H. , Shurin, B. D. , Morris, J. C. 

Reference 2. WADC TR-54-22, Pg 1-94, 1954 
Walker G. B. 

* Measured by Martin Marietta Corp. 
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TABLE IX.- SUMMARY, DISSIMILAR METAL JOINT TEST RESULTS 


SWAGED 

Low cost after 
development, all 
sizes . 

Single supplier 

Fair consistency in 
this evaluation; 
should be very con- 
sistent with more de- 
velopment. 

Minimal effect, 
373K to 78K 
(+212°F to -320°F) 
cycles . 

Multiple serrations 
require more length 
than other types. 

Must be heaviest due 
to necessary thicker 
section in serrated 
area. 

40% of parent metal 
tolerance . 
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TABLE IX.- SUMMARY, DISSIMILAR METAL JOINT TEST RESULTS (CONTINUED) 
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TABLE XI.- PREDICTED FEEDLINE EQUILIBRIUM TEMPERATURES 


WHEN EXPOSED TO SOLAR RADIATION 


FEEDLINE CONFIGURATION 

a s 

€ 

TEMPERATURE K (°F) 

Vacuum Jacketed Metal 

2 to 3 

418 to 463 (293 to 373) 

Vacuum Jacketed Metal 
(with thermal coating) 

0.27 

255 (0) 

Vacuum Jacketed Composite 

1 

350 (170) 

Vacuum Jacketed Composite 
(with thermal coating) 

0.27 

255 (0) 


TABLE XII.- RECOMMENDED THERMAL COATINGS 


COATING 

OL f 

s/ * 

Thermatrol 

(Ti02 in 92-007 silicone) 

0.18/0.85 

Martin Marietta STP 72712 
(ZnO in silicone) 

0.25/0.85 

GE S-13G 

0.24/0.88 

The GE S-13G is recommended because it is stable to long exposure to 
solar radiation and can be applied to organic surfaces . 
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TABLE XIV. - WET SYSTEMS - PRE VALVE AT LH ENGINE INTERFACE - LH. 
BOILOFF, Kg (LBS) Z 


WET SYSTEMS PREVALVE AT LH 2 ENGINE INTERFACE - W y BOILOFF, Kg (lbs.) 



m 

GROUND 

OPERATIONS 

FLIGHT OPERATIONS 

MODE I 
(2 HRS.) 

ENGINE HEAT 
TRANSFER 

SHUTTLE . 
STORAGE 

TUG 

FLIGHT 

TOTAL 

1. Vacuum Jacketed - 
Metal Wet 

Without 

Radiation 

Shields 

2.8( 6.1) 


34.3(75.6) 

30.5(67.3) 


With 8 

Radiation 

Shields 

1 • 5 ( 3.4) 

m 

14.2(31.2) 

20.1(44.3) 


2. Vacuum Jacketed - 
Composite Wet 

Without 
RadiatL on 
Shields 

5.2(11.4) 

0.8(1. 8) 

74.8(164.9) 

51.4(113.3) 

127.0(280.0) 

With 8 

Radiation 

Shields 

1.5( 3.4) 

0.8(1. 8) 

14.2(31.2) 

20.1(44.3) 

35.10 77.3) 

3. Non- Vacuum Jacketed - 
Metal, MLI, Purged 
Wet 

— 

15.8(34.9) 

1.4(3. 1) 

0.8( 1.7} 

.. ' -U-i 

1.4( 3.2) 

3.6( 8.0) 

6. Non-Vacuum Jacketed - 
Composite, MLI, 
Purged, Wet 

-- 

15.8(34.9) 

0.8(1. 8) 

\\ 

0.8( 1.7) 

1.4( 3.2) 

3.0( 6.7) 


DRY SYSTEMS - PREVALVE AT LHj TANK - LIQUID HYDROGEN BOILOFF, Kg (lbs) 


DESIGN CONCEPT 

GROUND 

OPERATIONS 

FLIGHT OPERATIONS 

MODE I 
(2 HRS.) 

MODE II - PREVALVE REMAINS OPEN AFTER INITIAL FIRING 

ONE LINE 
CHILLDOWN 

SHUTTLE 

STORAGE 

TUG 

FLIGHT 

ENGINE HEAT 
TRANSFER 

TOTAL 

4. Non- Vacuum Jacketed - 
Metal, MLI, Dry 

0.2( 0.4) 

3.8( 8.3) 

.05(0.1) 

1. 5( 3.3) 

^1.0( 2.1) 

6.2 (13.8) 

5. Non- Vacuum Jacketed - 
Composite, MLI, Dry 

0.1( 0.2) 

2. 1( 4.6) 

.05(0.1) 

1.5( 3.2) 

0,5( 1.2) 

4. 1( 9.1) 


DRY SYSTEMS - PREVALVE AT LHj TANK - LIQUID HYDROGEN BOILOFF, Kg (lbs) 


DESIGN CONCEPT 

FLIGHT OPERATIONS 

MODE III - PREVALVE CLOSED AFTER EACH FIRING AND LINE DUMPED 

6 LINE 
CHILLDOWNS 

SHUTTLE 

STORAGE 

TUG 

FLIGHT 

6 LINE 
DUMPS 

TOTAL 

4. Non- Vacuum Jacketed - 
Metal, MLI, Dry 

22.5(49.5) 

- 

0.1(0. 2) 

19.3(42.6) 

41.9(92.3) 

5. Non-Vacuum Jacketed - 
Composite, MLI, Dry 

12.6(27.8) 

- 

.05(0.1) 

19.3(42.6) 

31.9(70.5) 
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TABLE XV.- THERMAL PERFORMANCE OF FEEDLINE CONCEPTS (TOTAL FEEDLINE ASSEMBLY) 
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TABLE XVI.- THERMAL PERFORMANCE OF FEEDLINE CONCEPTS (PER UNIT AREA) 
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TABLE XVIII.- WEIGHT AND COST COMPARISON OF LH2 FEEDLINE CONCEPTS 
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TABLE XIX.- FAILURE MODES AND EFFECTS ANALYSIS 
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TABLE XIX.- FAILURE MODES AND EFFECTS ANALYSIS (CONTINUED) 
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TABLE XIX.- FAILURE MODES AND EFFECTS ANALYSIS (CONTINUED) 
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TABLE XXI.- REUSABILITY AND MAINTAINABILITY EVALUATION 
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TABLE XXII. - SYSTEM COMPARISON OF FEEDLINE DESIGN CONCEPTS 
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FIGURE 3.- TENS ION -TENS ION FATIGUE BEHAVIOR OF UNDIRECTIONAL COMPOSITES AND ALUMINUM 
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FIGURE 4.- COMPARISON OF FATIGUE BEHAVIOR OF COMPOSITES AND METALS 
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FIGURE 5.- CHARACTERISTICS OF RADIATION SHIELDS IN VACUUM JACKET ANNULUS 




FIGURE 6 . - THERMAL SCHEMATIC , RADIATION SHIELDS IN VACUUM ANNULUS 
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FIGURE 7.- COMPARISON OF CANDIDATE VACUUM JACKETED LINE STANDOFF CONCEPTS 
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FIGURE 8.- COMPARISON OF VACUUM JACKETED LINE END CLOSURE CONCEPTS 



£ Tube 



75 


FIGURE 9.- TYPICAL DISSIMILAR METAL FLANGED JOINT CONFIGURATION 
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FIGURE 11.- DUCT MINIMUM WALL THICKNESS, MSFC CRITERIA 



FIGURE 12.- DRY AND WET LH2 FEEDLINE CONFIGURATIONS 
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FIGURE 13.- FEEDLINE OPERATIONAL CONFIGURATIONS - DRY FEEDLINE 
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FIGURE 14.- HEAT TRANSFER FROM ENGINE TO FEEDLINE 
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Figure 17.- APPARENT THERMAL CONDUCTIVITY VERSUS HELIUM GAS PRESSURE 
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FIGURE 18.- EFFECT OF BOUNDARY TEMPERATURE ON THE MEAN APPARENT 
THERMAL CONDUCTIVITY OF A MULTILAYER INSULATION 
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